Introduction
The geochemistry of serpentinizing systems, and the microbial populations that thrive there, may mimic early Earth environments where life originated (Herschy et al., 2014) , and/or other planets where life may currently persist (Russell et al., 2014) . During serpentinization, crustal fluids contact olivine-bearing ultramafic rocks at lowtemperatures (100-3158C), generating hydrogen, oxidized iron minerals and serpentine (Barnes and O'Neil, 1969; Barnes et al., 1972; McCollom and Bach, 2009 ). This results in environments that are both highly alkaline and highly reducing. Relevant to astrobiology, similar reactions have occurred or are occurring on Mars (Schulte et al., 2006; Schrenk et al., 2013) , and are similar to predicted high pH oceans on Enceladus (Glein et al., 2015) . On Earth, these reactions commonly occur near tectonic plate boundaries on the ocean floor (Barnes et al., 1967; Kelley et al., 2005; Lollar et al., 2014) , but also on land. For example, serpentinized systems have been reported at sites in Northern California (Barnes et al., 1967; Morrill et al., 2013) , Newfoundland , Portugal (Tiago et al., 2004) , Turkey (Meyer-Dombard et al., 2014) , Italy (Cipolli et al., 2004) , Oman (Barnes et al., 1978) and the Philippines .
Though there is variation in the specific geochemical characteristics of these environments, the abiotic generation of high concentrations of hydrogen (up to 1 mM), and moderate concentrations of methane could fuel autotrophic life . Though small amounts of nonfermentable hydrocarbons are also thought to be generated under these conditions (Proskurowski et al., 2008; Lang et al., 2010) , hydrogen, and to a lesser extent methane, are thought to serve as the dominant electron donors (energy sources) for microbial processes, especially in subsurface systems impacted by serpentinized fluids. In marine environments such as the Lost City hydrothermal field near the mid-Atlantic ridge, sulfate (which is about 28 mM in seawater) is thought to be the dominant sink for electrons under anoxic conditions. Transitioning to oxic conditions, aerobic metabolisms dominate the seawaterserpentinized fluid interface (Brazelton et al., 2010) . In terrestrial systems, however, sulfate concentrations are rarely higher than 1 lM. Though oxygen has been shown to be an important electron acceptor in waters exposed to the atmosphere in terrestrial springs, under anoxic conditions the dominant terminal electron acceptors remain unclear (i.e., no NO 22 3 & Fe 21 detected) Schrenk et al., 2013) . Serpentinizing systems are home to streamlined or low diversity/abundance microbial communities with characteristic taxa Suzuki et al., 2013; Tiago and Ver ıssimo, 2013; Mei et al., 2014; Meyer-Dombard et al., 2014; Woycheese et al., 2015) . Although terrestrial sites in general contain less abundant populations and less diverse microbial communities than their marine counterparts (likely linked to the availability of terminal electron acceptors), there are common taxa observed at sites with similar geochemical profiles. At The Cedars serpentinizing springs in Northern California, two microbial community structures have been described: one correlated with shallow groundwater and surface pools, and the other with deeply sourced groundwater . Both springs are influenced by serpentinizing reactions, resulting in high pH (11) (12) and reducing (2656 to 2585 mV) fluids fueling these springs, but the deeply sourced ground waters contact marine sediments (Franciscan subduction complex) resulting in higher ionic strength fluids . The shallow-pool communities were composed predominately of specific Betaproteobacteria, Gammaproteobacteria and Cyanobacteria , and the deeply sourced groundwater was dominated by uncultured Chloroflexi strains, Firmicutes strains, as well as several uncultured and previously un-described microbial groups . From the shallow systems, alkaliphilic strains of Betaproteobacteria that can couple hydrogen oxidation with oxygen reduction autotrophically were recently isolated-Serpentinamonas sp. (Suzuki et al., 2014) . This organism's dependence on oxygen, and its sensitivity to high sodium ion concentrations prevalent in the deeper serpentinized fluids demonstrate its adaptation to the shallow springs rather than the deeply sourced groundwater environment.
In the springs where Serpentinomonas strains dominate the microbial community oxygen concentrations are below detection, highlighting the potential for these microbes to generate a functionally anoxic environment where anaerobic microbial processes could be occurring (Suzuki et al., 2014) . The potential for conductive minerals, including minerals produced during serpentinization such as magnetite (McCollom et al., 2016) , to serve as terminal electron acceptors has not been extensively investigated. The two model systems-Geobacter and Shewanella-for understanding mineral-reduction via extracellular electron transfer (EET), display evolutionarily convergent EET mechanisms. Both organisms utilize multiheme cytochrome networks that span the inner to outer membrane, as well as generate conductive appendages that can extend greater than one cell length (Nealson and Rowe, 2016) . Given the limited number of organisms known to perform mineral reduction reactions and the unique environmental niche of this habitat, it is not surprising that known mineral-reducing microbes, or microbes capable of EET were not specifically identified (even in metagenomics surveys, S. Suzuki personal communication).
Several mineral-reducing microbes, including both model systems, have been shown to utilize solid-state electrodes in place of solid-phase minerals as terminal electron acceptors (Koch and Harnisch, 2016; Nealson and Rowe, 2016) . Mineral-reducing and/or EET-capable microbes that are electrochemically active have been reported from other high pH environments (Ye et al., 2004; Pollock et al., 2007; Miller and Oremland, 2008; Zhilina et al., 2009) . However, to date no metal-or sulfatereducing strains have been isolated from serpentinizing ecosystems. Furthermore, the potential diversity of microbial EET and the potential for energy generation via EET under serpentinizing conditions have yet to be investigated.
We hypothesized that mineral reduction could serve as an important terminal electron accepting process at The Cedars and investigated the potential for EET-based metabolisms. To test this, we designed an on-site electrochemical enrichment system to simultaneously monitor reduction activity by measuring current production, and enrich for microbes capable of mediating this process on the electrode surface. This system was deployed at Campsite Spring, a shallow pool fed by a deep ground water source . Cells that grew on the electrodes were subsequently enriched and ultimately isolated on mineral substrates. The goal of this work was to obtain evidence for microbial mineral reduction as a possible terminal electron accepting process under strong alkaliphilic and reduced conditions.
Results

In situ electrochemical incubations at the cedars
Using a two-electrode system (Fig. 1 ) consistent current production was measured over a three-month period for replicate electrochemical enrichments (Supporting information Fig. S1 ). Greater current production was quantified Mineral reduction in a high pH serpentinizing spring 2273 in the enrichments with the lowest resistance used (100 X) ( Fig. 2A) . Current production followed a pattern suggestive of a boom and bust cycle, where consistent current production collapses to minimum current during the day ( Fig.  2A and B). This was followed by gradual increase to a maximum and/or stable current for the majority of the 24-hour period ( Fig. 2A and B ). This oscillating pattern was observed during the daylight hours-both the maximum and minimum current occurred during daylight hours. The minimum current occurred prior to midday and the maximum occurred in the afternoon (after the solar noon 1:00 pm in Santa Rosa, CA). While this pattern was seen daily over the course of the incubations, variation in the time and magnitude of the daily current maxima and minima was also observed (Fig. 2C, Supporting information, Fig.  S1 ). A general increase in the magnitude of maximum and minimum current was observed the incubation period, suggestive of growth/accumulation of eletrogenic biomass over time (Supporting information Fig. S1 ).
Based on the small ohmic drop observed across the resistance (1 to 11 mV), and the standard potential for oxygen reduction with two or four electrons at pH 11-the anode potential is estimated to range between 0.0 and 0.6 V vs SHE depending on environmental conditions. Current oscillations could result from biologically-mediated current generating processes or abiotic reactions-most likely hydrogen based on the site geochemistry . Theoretically, the daily oscillations in the rate of abiotic electrochemical reactions could result from daily temperature patterns and causing the thermodynamic activation of, for example, electrochemical hydrogen oxidation. While this might explain a daily maximum in current production, it does not explain the precipitous drop in current that occurs during timeframes where temperatures would be expected to enhance currents (Fig. 2) . In addition, photosynthesis during the daylight hours is expected to generate oxygen, which would likely increase abiotic current by enhancing the cathodic (oxygen reduction) reaction. In addition, the 3-month trend in time of daily maximum current shifted over a four-hour window across the incubation period which is also not explained by thermal activation in abiotic reactions (Fig. 2C ). This idea is Time 0.5, 1.5, and 2.5 equate to noon or 12 pm, and time 1, 2, and 3 equate to midnight or 12 am. Oscillation data isolating the 1,000 ohm resistor enrichment for the same 2.5 day period (B). Daily maximum and minimum currents at 1,000 ohm for each 24-hour period plotted against time in hours (0 5 midnight, 12 5 midday) at which min/max occurred (C).
further supported by the limited correlations detected between temperature and current production (Supporting information, Fig. S2A and B). These data collectively support that the in situ current production at Campsite spring is driven by biological activity.
Though no correlation with total current and average sky coverage was observed (Supporting information Fig. S2 ), this metric does not take into account direct exposure of the springs to sunlight. Given that the springs are located within a valley (depressed from the surrounding mountains by approximately 300 m in less than a km) , the springs likely remain shaded close to sunrise and sunset. As such, the collapse in current could correspond to a time during which the springs are exposed to direct sunlight give the temporal proximity to solar noon (around 1 pm at the Cedars). This could also explain shifts in the local current minima and maxima, as the sun rises later in the day as summer progresses reflecting a change in daylight hours (Fig. 2C ). This suggests that the observed circadian rhythm in current is plausibly an effect of the endemic microbial community at the spring resulting from the influence of sunlight-a microbial community containing greater than 15% cyanobacterial sequences (Fig. 3 )-and in turn affecting the electrochemically-active microbes, for example, through inhibition by oxygen produced during peak photosynthesis.
Laboratory-scale bioreactor enrichments with organic electron donors
To ascertain the physiological capabilities (electron donors and acceptors) of electrogenic microbes from The Cedars, chronoamperometry experiments (current measured over time under a controlled applied voltage potential of 1 0.4 V vs. SHE) were performed in laboratory bioreactors (constructed with the anodes incubated in Campsite Spring). A high redox potential was chosen to support a wide range of microbes capable of using a variety of mineral terminal electron acceptors, rather than mimic a particular mineral. Current generation in laboratory incubations was linked to the addition of various carbohydrate electron donors, and peak current production began to increase over time with successive electron donor additions (for example, see Supporting information Fig. S3 ), as would be predicted with increased electrogenic biomass over time. Electricity generation through electron donor addition was consistently maintained in these reactors over a nine-month period. No oscillations in current production were noted on a diurnal or circadian pattern, providing evidence that the environmental conditions prevailing at The Cedars and/or endemic community activities are responsible for the observed current oscillations in the field. Notably, the laboratory incubations were protected from light under all conditions. The observed electrochemical activity in the laboratory demonstrates that at least some of the electrogenic organisms from The Cedars are not directly dependent on the oscillating geochemical, redox, or environmental conditions observed in situ.
The microbial community observed on the electrodes included operational taxonomic units (OTUs) previously seen at The Cedars (Supporting information Fig. S4 ), but with a different distribution (Fig. 3 ). For example, the communities attached to calcite in the spring consisted predominantly (almost 70%) of Proteobacteria sequences, with less than 1% Firmicutes. The communities enriched on electrodes were greater than 60% Firmicutes in terms of sequence abundance, with few Proteobacteria and less than 1% Cyanobacteria. Though Proteobacteria were observed in both communities, different strains dominated; the electrodes featured primarily Alishewanella compared with Silanimonas or Serpentinomonas (formerly described as Hydrogenophaga) associated with the calcite (Fig. 3 , Supporting information Table S1 ). This hightlights the potential for community structure to vary with the types of surfaces available at the cedars, which to date has not been extensively explored.
Isolation of electrogenic microbes from the cedars
Further enrichment and isolation experiments were performed using iron (III) hydroxide (Fe(OH) 3 ), and manganese dioxide (d-MnO 2 ), in both liquid, and solid Cedars minimal salts (CMS) media. Reduction products of d-MnO 2 are easily quantified, and unlike other minerals, provide visual cues for microbial growth and/or activity. As such, the majority of enrichments were screened with manganese. When coupled to various organic compounds as electron donors, including, sucrose, arabinose, galactose, xylose, glucose, pyruvate, lactate, acetate, uridine and glucosamine, mineral reduction resulted in measurable soluble Mn 21 and Fe 21 in several enrichments. Nearly complete manganese reduction was observed with arabinose, galactose, xylose, glucose and glucosamine (data not shown).
Regardless of the electron donor used, growth on solid or in liquid CMS, was only observed in the first few rounds of biomass transfer to fresh media. Following two to three transfers, neither microbial growth nor mineral reduction was observed. An Alishewanella strain (Fig. 4 , uncultured 2014 isolate) was enriched on a modified enriched medium (mLA) (pH >11) and then isolated on CMS with acetate/ galactose and d-MnO 2 at pH 11. This strain demonstrated consistent manganese reduction activity until the fifth round of transfer, beyond which no growth or reduction was observed. Though several enrichments appeared promising early on, reduction products and/or increased cell biomass could not be demonstrated (Supporting information Fig. S5 ). In addition, a loss of activity was observed after several isolation attempts from the active electrochemical reactor. As such, we altered our culturing strategy to overcome the loss of activity observed.
To assess potential pH stress for isolates or low-density cultures, we attempted isolation at lower pH. To determine if unknown growth-limiting nutrients were inhibiting growth in transfer cultures, filter-sterilized (0.2 lm) extracts from the mixed community enrichments and/or more complex medium (mLA; utilized previously for isolating a pH 9.0 iron-reducing Alishewanella strain) were used (Kim et al., 2009) . After decreasing the pH, successful transfers and ultimately isolation of mineral-reducing microbes were also achieved in nutrient-rich mLA medium. The isolates obtained from these lower pH enrichments were from the Alishewanella lineage of the Gammaproteobacteria, and the Paenibacillus and Clostridia lineages within the Firmicutes (Fig. 4 , images in Supporting information Fig. S5 ). Ultimately, the most successful isolate (consistently grown at pH 9) was the Paenibacillus sp. This isolate also grew aerobically in mLA medium suggesting tolerance to oxic conditions, as has been demonstrated in other EETcapable microbes (i.e., Shewanella species).
Mineral reduction and electrochemical activity under alkaliphilic conditions
To assess the mineral-and electrode-reducing capabilities of Paenibacillus sp., respiration of magnetite and manganese oxide were tested. An increase in total nucleic acids linked to growth with mineral reduction was observed for these experiments (Table 1) . Reduction of both solid phases occurred optimally at pH 8.5-9, but not above 9.5; manganese oxide, but not magnetite, was reduced at neutral pH (Table 1 , Supporting information Fig. S7 ). To determine the nature and extent of the EET process performed under these growth conditions, mass balances on glucose metabolism coupled to chelated Iron(III)-(citrate) 2 reduction were performed. No iron reduction was observed with ethylenediaminetetraacetic acid (EDTA) or nitrilotriacetic acid (NTA) as chelating agents. The amount of iron(III) reduction, added in excess (50 mM), corresponded to the complete oxidation of glucose (Fig. 5) . Assuming 24 electrons transferred per molecule of glucose, these results demonstrate that nearly all the electrons from the 1.1 mM glucose were converted to iron(II)-(citrate) 2 (approximately 25 mM compared with 26.4 mM expected). Under these conditions glucose (1.1 mM) was completely oxidized to CO 2 at pH 9.0, demonstrated by HPLC analysis and the production of CO 2 measured by GC-FID analysis. Glucose levels fell below the HPLC detection limit (0.1 mM) by the first day and no production of metabolic intermediates (acetate, pyruvate, etc.) was observed; citrate was detected but its concentration did not change throughout the course of the experiment (Fig. 5) . The total carbon dioxide produced, however, could be linked to glucose oxidation: 8.9 3 10 25 6 9.2 3 10 26 moles of CO 2 were measured (out of 1.65 3 10 24 expected from the reaction stoichiometry).
Similar pH sensitivities were observed in the electrochemical activity of Paenibacillus sp. measured in the lab bioreactors. For example, at pH 9, significant current was observed relative to the baseline and control conditions with no glucose added (Fig. 6A) . Cell attachment was visualized using scanning electron microscopy, demonstrating similar cell attachment to that observed in Shewanellasparse monolayer biofilms-suggesting poor cell attachment (cell loss during fixation/dehydration) or electrochemical activity of planktonic microbes (Supplemental Information Fig. S6 ). Linear sweep voltammetry (a slow sweep of electrode potential from reducing to oxidizing voltages) revealed an onset potential of approximately 2200 mV vs. SHE; this is the redox potential where catalytic activity of Paenibacillus in the presence of glucose begins donating electrons to the electrode (Fig. 6B ). This onset potential was consistent with the start of an anodic redox signal detected by differential pulse voltammetry (an electrochemical technique that compares the changes in current produced with potential when an electrode is poised at a given potentials over a pulsed time length) (Fig. 6C ). This suggests a redox species with a peak potential of 150 mV mediates electron transport to the electrode in Paenibacillus. These data support the reduction of a wide range of minerals at pH 9.0 including magnetite (0 mV) by Paenibacillus. Little, if any, electrochemical activity was observed at or above pH 9.5. The observed low onset potential to initiate glucose oxidation coincides with the energetic favorability of different mineral reducing reactions under the prevailing conditions at The Cedars.
Thermodynamic considerations for high pH iron reduction
The reduction of iron minerals are generally pH-dependent processes. Several iron reduction reactions (e.g., reactions 2-4 in Table 2 ), where protons appear on the left hand side (i.e., as reactants) become thermodynamically less favorable as pH increases (Flynn et al., 2014) . For example, complete dissolution of magnetite or maghematite to dissolved iron(II) coupled to glucose oxidation consumes 72 to 48 moles of protons per mole of glucose, respectively, resulting in a sharp decline in energetic favorability with increasing pH (Fig. 7) . Iron reduction processes where both forms of iron are chelated, and therefore protons are on the right hand side (e.g., reaction 5 in Table 2 ) are energetically more favorable with increasing pH. It should be noted that the degree to which iron reduction reactions depend on pH can vary, with some reactions being proton independent. Magnetite is a mixed valence iron mineral contain iron(II) and iron(III) redox states. Previous work demonstrated that within the same mineral conformation (structure ranging from maghemetite to magnetite) microbial driven reduction can increase the relative proportion of iron(II) within a given magnetite mineral; this reduction can be monitored via magnetic susceptibility and/or M€ ossbauer (Porsch et al., 2010; Byrne et al., 2015) . The pH independence of these types of reduction reactions where iron(III) reduction occurs within the mineral is illustrated in the conversion of maghemetite to magnetite (reaction 1 in Fig. 7) . Though the explicit mechanism of magnetite reduction by Paenibacillus cannot be determined by the techniques used, our results from magnetite reduction experiments suggest that only a small fraction of the iron is released as Fig. 7 . Gibbs energies of iron mineral reduction coupled to glucose oxidation as a function of pH at 258C and 1 bar for the reactions shown in a. Reference (Thamdrup, 2000) . b. Reference (Kostka and Nealson, 1995) . c. Reference (Wang et al., 2008) .
soluble Fe 21 during reduction by Paenibacillus (Supplemental Information Fig. S7B ). The fate of the remaining electrons derived from glucose oxidation could result in either: free iron(II) that is reprecipitated, or bound iron(II) that has been reduced from iron(III) within the solid phase mineral. These fates of Fe 21 could explain why products of iron reduction have not been observed via aqueous geochemical measurements . The degree of glucose oxidation also effects the reaction energetics. Greater thermodynamic favorability (per electron transferred) for the partial oxidation of glucose to acetate is expected compared with the complete oxidation to CO 2 based on calculations (Supplemental Information  Fig. S8 ). Consistent with the energetics for reaction (5) in Table 2 , we observed complete oxidation of glucose coupled to the reduction of Fe(III)-(citrate) 2 at elevated pH (up to 9) in our experiments. However, notable iron citrate reduction by Paenibacillus was not observed at pH 10, despite the favorable energetics, suggesting that the pH dependence of EET is not solely a function of thermodynamics. Experimentally, Paenibacillus also did not to couple acetate or hydrogen/formate oxidation to magnetite reduction.
Discussion
During on-site electrochemical enrichments current generation indicative of electron flow to a solid substrate (solidstate carbon electrode) was measured, and current maxima and minima fluctuated in a daily near-circadian pattern. This in situ current is likely due to biological activity, as the magnitude of current increased over time (indicative of growth or accumulation of biomass) and demonstrated activity patterns independent of temperature, though in response to direct sunlight (current minima observed during the day when temperatures expected to be elevated). These data suggest not only activity of microbes capable of EET in Campsite Spring, but also that this EET activity is likely influenced by the endemic microbial community. As noted, a circadian pattern was absent in the laboratory experiments, but current production was induced by carbohydrate addition. The most likely source of carbohydrates in this system is fixation by autotrophic microbial community members, specifically Cyanobacterial strains and/or hydrogenotrphic aerobes like Serpentinamonas. We propose that the daily decrease in current are also attributed to the microbial community-most probably due to the production of oxygen during the hours of direct sunlight over The Cedars as current drops follow the solar noon. However, other indirect factors (timed community signals that lead to sporulation or induce viral infection), yet-to-beidentified community dynamics, or circadian factors could perhaps play a role in these observed patterns in EET. Nonetheless these data support the potential for active EET-based metabolisms in fluids generated by serpentinization, despite the lack of direct geochemical data (mineral dissolution) reported in this system.
The native biofilm communities enriched from The Cedars were able to generate anodic current when provided a suitable carbohydrate electron donor. Surprisingly, hydrogen addition did not stimulate electrochemical activity. Due to the abundance of hydrogen, we hypothesized that EETcapable microbes would utilize hydrogen. However, given that the spring is functionally anoxic through the activity of oxygen scavenging microbes, it is plausible that functional hydrogen concentrations are also low. This speaks to the potential for a variety of niches in this habitat that support a variety of metabolisms, including EET-based respiration of organics. In the lab, decreases in current production was also correlated with a drop in pH, likely associated with production of CO 2 from carbohydrate oxidation over time. Community profiles revealed several lineages that could be electrochemically active. Alternately some organisms in this system could be surviving in via fermentation. Thus, isolation of electrogenic organisms was pursued to determine the specific metabolic and EET capabilities.
Though several strains were isolated using CMS plates at pH 10.0 and 11.0, none grew over extended periods of time or successive transfers. For the isolates eventually obtained in minimal media, the optimal pH for mineral reduction and electrochemical activity was 9.0. While this pH is several units lower than that observed in the bulk fluids at The Cedars, it seems plausible that moderately alkaliphilic community members are accommodated by persistence and activity of other community members in situ-moderating pH effects. Additionally, microenvironments within or below the calcite precipitates, where proton accumulation might lower the pH, may also provide a lower pH microhabitat. Similar patterns in pH tolerance have been observed during the isolation of Firmicutes from other high pH serpentinizing environments. For example, Acetoanaerobium pronyense, Vallitalea pronyensis and Clostridium sp. PROH2 were isolated from a chimney system in New Caledonia that has a bulk pH of 10.5, though the isolates obtained demonstrated growth in culture at a pH no higher than 9 (Ben Aissa et al., 2014; Mei et al., 2014; Bes et al., 2015; Postec et al., 2015) .
Previous cultures isolated from The Cedars are aerobic hydrogen oxidizers (Suzuki et al., 2014) or phototrophic bacteria (S. Suzuki, unpublished) . Several in situ anaerobic enrichments have been attempted, but prior to this work none have yielded stable enrichments or been able to grow or metabolize even after continued enrichment in the laboratory (A. Rowe, L. Bird, G. Kuenen, S. Suzuki, personal observations). To combat the potential pitfall of low abundance, the present study developed a method to enrich EET-active microbes in situ. This allowed us to try a wider range of isolation techniques (including variation in bulk pH) in our pursuit of a pure culture. From the in situ observations of current production, coupled with our successful isolation of a mineral-reducing microbe from this site, we propose that minerals are potentially important terminal electron acceptors in the absence of oxygen at The Cedars.
We hypothesized that mineral-reducing microbes are dominant members of the deeply sourced, anoxic ground water/subsurface microbial communities at The Cedars. Our enrichments were performed at Campsite Spring, which was previously shown to be a mix of shallow and deep spring waters , to target the subsurface microbial community. Based on the microbial community at this site, which includes Firmicutes, Chloroflexi and 'uncultured' bacteria (predominantly candidate division OD1), we conclude that the spring is fed by deeply sourced ground water. These indicator lineages are common in subsurface environments, but in low abundance in the shallow springs at The Cedars (BS5 from ). The large proportion of Firmicutes and 'uncultured' lineages in our electrode enrichments could point to a subsurface source, but the in vivo current data suggest a distinct and likely light-influenced near-circadian pattern indicative of an active surface community capable of EET. Interestingly, our isolated strain is also facultatively aerobic. This suggests that the oxygen production via photosynthesis may provide an alternate electron acceptor for carbohydrate metabolism, and this competition may be influencing the in situ decline in current production.
The organisms isolated in the present study were previously noted as numerically minor community members in 16S rRNA gene surveys from The Cedars, as in only a few Paenibacillus clones were observed in a Barnes Spring clone library )-a spring approximately 1 km upstream from Campsite spring. We note however, that most of those surveys focused on the planktonic or calcite attached communities. Given the differential enrichment of several organisms (predominantly Firmicutes) with the incubated electrodes, it is feasible that these microbes associate more directly with iron minerals, and these communities have not yet been thoroughly investigated. Nonetheless, consistent identification of this genus over time, especially in the planktonic phase where spores are unlikely to be detected, suggests that these organisms are able to persist at the environmental conditions present at The Cedars. Future work will target the mineral associated microbial communities at The Cedars to better assess the abundance of these microbes and/or the differential enrichment microbes in this environment.
Mechanisms of EET have been suggested but not characterized in several strains of Firmicutes (e.g., Thermincola, Desulfotomaculum, Corynebacterium) (Liu et al., 2010; Wrighton et al., 2011; Otwell et al., 2015) . Since the Gram-positive cell structure lacks the characteristic outer membrane present in Gram-negative bacteria, the mechanisms of EET are also likely to be different. To date, several high pH electrogenic microbes have been enriched and/or isolated (Ye et al., 2004; Pollock et al., 2007; Miller and Oremland, 2008; Zhilina et al., 2009) , but none of these are mineral reducers from a serpentinzing system. This work provides strong evidence for the activity of mineral-reducing microbes in serpentinizing environments. The reduction of magnetite, which is a common endproduct of serpentinization and has been observed at The Cedars (Barnes and O'Neil, 1969) , provides a potential terminal electron sink previously unaccounted for. Given that the reduction of several iron-bearing minerals, including magnetite, does not always result in free Fe 21 (Porsch et al., 2010) , this metabolism is difficult to detect from geochemical measurements alone. The limited proton dependence of this reaction (when the mineral does not completely dissolve to Fe 21 ) allows it to maintain thermodynamic favorability at higher pHs when coupled to glucose oxidation. Though no oxidation of acetate was demonstrated in this work, complete oxidation of glucose was observed. This suggests that acetate was likely not a viable electron donor due to physiologic (i.e., lack of import machinery) rather than energetic constraints. This work demonstrated EET by an endemic microbial community in a shallow spring that was exposed to sunlight. However, the pH constraints of the isolated organism (no growth above pH 9), as well as the dependence on an organic substrate (most likely the result of photosynthesis in the shallow springs) highlights the importance of microbial community interactions in this environment. Specifically, the native microbial community may alter the habitability of the spring-potentially explaining the difficulties that have been associated with culturing from this environment. The persistence of this microbe at The Cedars (detected in clone libraries going back to 2010), along with our subsequent enrichment and isolation of this microbe, support its active role within this system. We note further that the predominance of similar, but strictly anaerobic organisms (e.g., Clostridia) that stem from the subsurface provide support for these metabolic interactions at depth. To better understand microbe-mineral interactions and EET in subsurface serpentinizing environments, carefully designed future in vivo experiments will look at targeting and enriching these subsurface microbial environments.
Experimental procedures
Site characterization, sample collection and in situ electrochemical enrichment On-site electrochemical cultivation experiments were performed at Campsite Spring, located at The Cedars in northern 2280 A. R. Rowe et al. . For the current study, pH, ORP, temperature and conductivity were measured with portable probes prior to and post incubation . Campsite Spring pool water (100 mL filtered via syringe onto a 0.2-mm filter and stored on dry ice) and precipitated calcite (stored at 48C) were sampled pre-and post-electrochemical incubations for microbial community analysis. Daily climate data (at the Santa Rosa airport located approximately 10 mi from The Cedars) were obtained for the incubation period from the NOAA National Weather Service Forecast Office (http://w2.weather. gov/climate/index.php?wfo 5 mtr).
Two-electrode systems were constructed from carbon felt electrodes (1.5 cm 3 1 cm 3 0.5 cm) connected to titanium wire with conductive graphite epoxy (Electrolytica Inc., Amherst, NY). In each system, one electrode was electroplated with platinum (as described previously in Bretschger et al., 2007) to serve as an air cathode that catalyzes oxygen reduction. Connections were protected with marine-grade shrink-wrap tubing. Each anode and cathode pair was connected to a resistor. Voltage was monitored over time with a VR-71 voltmeter and data logger (T&D Corporation, Nagano, Japan). Electrode systems were incubated for three months (June-September) in 2012 and 2013. As illustrated in Fig. 1A the anode was submerged in the pool while the air cathode was suspended in the air-water interface at the surface of Campsite Spring. Total integrated current measurements (Coulombs per day) were calculated as the sum of current (amps) multiplied by time (sec) for each 24-hour period.
Lab scale electrochemical cultivation
Post incubation, electrodes were collected and stored in anaerobic (N 2 purged) Cedars medium at 48C for transport. This medium was designed to mimic the prevailing site geochemistry and provide sufficient nutrients for microbial growth; it was adapted from Suzuki et al., 2014 for use in laboratory experiments. In brief, the medium (CMS) consists of basal salts (0.05 mM MgCl 2 , 2 mM CaCO 3 , 5 mM NaOH), NH 4 Cl (0.378 mM), Na 2 SO 4 (0.05 mM), K 2 HPO 4 (0.15 mM), and vitamin and trace mineral mixes previously described (Rowe et al., 2015) . It was pH-buffered (10.5-11) with 10 mM CABS (C 10 H 21 NO 3 S).
In the lab, electrodes from The Cedars incubation were transferred anaerobically to an electrochemical reactor (described in Okamoto et al., 2013) , and used as working electrodes to further enrich electrochemically active cells. Platinum wire and silver/silver chloride were used as a counter electrode and reference electrode respectively. Chronoamperometry experiments were carried out in an anaerobic chamber (approximately 91% N 2 , 4% H 2 , 5% CO 2 and <1 ppm O 2 ). Potential was controlled and the current monitored using an eDAQ quadstat potentiostat with corresponding eCHART software (eDAQ, Colorado Springs, CO). Various organic electron donors were tested including galactose, arabinose, glucose, acetate and formate. The monosaccharides yielded the best results and were thus used for long-term maintenance. The medium was exchanged approximately every two weeks to refresh vitamins and minerals and to remove waste products.
The electrode microbial community was stable and continuously generated current under these conditions for up to a year, while subsequent cultivation approaches for isolation of electrogenic microbes were performed.
Cultivation and isolation of electrogenic microbes
Further lab-based electrochemical enrichments of microbes from The Cedars were performed anaerobically on both liquid and solid Cedars minimal salts (CMS) media, coupling the oxidation of previously tested organic compounds (sucrose, galactose, arabinose, glucose, pyruvate, lactate, acetate, glucosamine and uridine) with the reduction of various minerals: manganese dioxide (d-MnO 2 ), iron (III) hydroxide (Fe(OH) 3 ), ferrihydrite (Fe 2 O 3* 0.5H 2 O) and magnetite (Fe 3 O 4 ). Fe(III)-(citrate) 2 was used for experiments requiring electron quantification; stocks were prepared by adding FeCl 3 *6H 2 O to a sodium citrate solution for a final concentration of 0.5 M Fe(III) and 1M citrate. The solution was slowly adjusted to pH 6 with NaOH. Strains were isolated from solid media containing d-MnO 2 plates with galactose as an electron donor. Dilution to extinction experiments were also performed with various electron donor/acceptor pairs.
Chemical and metabolite analysis
Organic compounds (glucose, pyruvate, acetate and formate) were quantified via high-pressure liquid chromatography (Agilent 1100 Series, Santa Clara, CA) equipped with an Agilent Hi-Plex H column (7.7 3 300 nm, 8 mm) under manufacturer specifications. This included an eluent concentration of 4.5 mM H 2 SO 4 , a flow rate of 0.7 mL per min and at 45 min run time. Carbon dioxide formation was quantified with a Shimadzu GC-2014ATF headspace GC equipped with Haysep 80/100 (5 m) and MS-5A 60/80 (2.5 m) molecular sieve columns, a methanizer, and TCD and FID detectors. Total CO 2 formation was calculated from headspace samples, incorporating dissolved gas concentrations based on solubility constants. Mineral reduction was assessed via the production of soluble reduced products using the spectrophotometric Ferrozine (Fe 21 ) and Leucoberbelin (Mn 21 ) assays (Stookey, 1970; Krumbein and Altmann, 1973) . The pH was monitored with a portable pH meter (Horiba, Irvine, CA) throughout the experiments.
DNA extraction and analysis
DNA from Campsite Spring biomass (filtered 100 mL sample) and calcite attached (1 g submerged calcite particulates), as well as from laboratory electrode enrichment samples (planktonic and electrode-attached biomass) was extracted using the MoBio Soil DNA Extraction kit (MoBio, Carlsbad, CA). DNA was extracted from highly enriched cultures and isolates using the MoBio Ultraclean DNA Extraction kit or the ISO-PLANT (II) DNA Extraction kit (Nippon Gene, Japan).
Illumina High Throughput Sequencing (MiSeq) was used to sequence paired end reads (2 x 300 bp) according to the manufacturer's protocol (Illumina, San Diego, CA). Sequences of around 500 bp of the V3-V5 region of the 16S rRNA gene were obtained on all community DNA extracts by MR-DNA (Molecular Research LP, Shallowater, TX) following normalization and PCR protocols described previously (Dowd et al., 2008) . Prior to phylogenetic analysis of sequence data, error correction and data quality assessment were performed using QIIME (Quantitative Insights Into Microbial Ecology [qiime.org]) (Caporaso et al., 2010) . Analysis of chimeras was performed using UCHIME (Edgar et al., 2011) . Sequences were compared against the Greengenes database for taxonomic OTU assignment (using open-reference protocol of OTU picking), and the SILVA database was used for identification of nearest neighbor sequences. 16S rRNA gene sequences from clone libraries of electrode-attached microbial communities from laboratory electrochemical cells were analyzed as described previously . In brief, 16S rRNA genes were amplified using universal primers U27F and U1492R and Phusion TM High-Fidelity DNA Polymerase with specified conditions and reagents (ThermoFischer Scientific, USA). Products were directly ligated into pGEMV R -T easy vector and transformed into JM109 E. coli cells. Direct sequencing of approximately 600 bp of 16S rRNA from individual colonies was performed by transferring a small amount of lysed (by heating at 958C for 10 min) cell biomass to a 16S rRNA gene PCR amplification (as described above) and submitted for Sanger sequencing (GeneWiz, Los Angeles, CA). Sequences were deposited into GenBank (accession numbers: KX156777-KX156798).
Electrochemical analysis of Paenibacillus isolate
Electrochemical activity of the Paenibacillus isolate was determined by first growing cells anaerobically in a modified enriched broth (mLA), previously described for isolation of Alishewanella (Kim et al., 2009) . Briefly, mLA medium contained: 5 g yeast extract, 10 g Tryptone, 20 g NaCl, 0.5 g MgCl 2 *6H 2 O, 0.2 g KH 2 PO 4 , 0.3 g NH 4 Cl, 0.3 g KCl and 0.015 g CaCl 2 *2H 2 O, in addition to the trace minerals provided to the CMS medium. After autoclaving, vitamins, NaHCO 3 and terminal electron acceptors (predominantly d-MnO 2 ) were added. An overnight culture (O.D. 600 reading of approximately 1.0) was inoculated into CMS-containing electrochemical cells; for each experiment, an open circuit potential was measured, and linear sweep voltammetry, and differential pulse voltammetry were performed before and after chronoamperometry experiments. Chronoamperometry experiments on replicate bioreactors and controls at multiple pH's (8, 9, 10, 11) were performed in an anaerobic chamber. To account for any abiotic electrochemical reduction of the various organic compounds used, each compound was screened for abiotic current generation across the pH range used. As no background current was generated upon the addition of glucose compared with more complex carbohydrates at pH 11 (data not shown), glucose was used in subsequent electrochemical experiments. All electrochemical tests on isolated strains were performed using a VMP3 potentiostat (Bio Logic Company, France). Specific parameters for each electrochemical test are listed in the figure legend. The ITO electrode with attached cells was carefully removed from the electrochemical reactor and was then washed with neutral pH phosphate buffer. Samples were fixed with 2% glutaraldehyde and subjected to a serial dehydration protocol using increasing concentrations of ethanol (30%, 50%, 75%, 90% and 95% ethanol) for 10 min each. After dehydrating with 100% t-butanol for 15 min for three times, samples were subjected to critical point drying at least one hour with 100% t-butanol (VFD-21S, Vacuum Device). Desiccated samples were coated with evaporated platinum, and viewed using a YE-9800 electron microscope (Keyence) at an operating voltage of 10 kV.
Thermodynamic calculations of various iron reduction reactions
Theromdynamic calculations were performed as described. Values of DG r are calculated using
where K r and Q r refer to the equilibrium constant and reaction quotient of the indicated reaction, respectively, R represents the gas constant and T denotes temperature in Kelvin. Values of K r were calculated using the revised-HKF equations of state (Helgeson et al., 1981; Tanger and Helgeson, 1988; Shock et al., 1992) , the SUPCRT92 software package , and thermodynamic data taken from (Helgeson et al., 1978; Shock and Helgeson, 1988; Shock et al., 1989; Sverjensky et al., 1997; Amend and Plyasunov, 2001; Schulte et al., 2001) Values of Q r were calculated using
where a i stands for the activity of the ith species and m i corresponds to the stoichiometric coefficient of the ith species in the reaction of interest. Values of a i are related to the concentration of the ith species, C i , through
where c i stands for the activity coefficient of the ith species and refers to the concentration of the ith species under standard state conditions, which is taken to be equal to one molal referenced to infinite dilution. Values of c i were in turn computed as a function of temperature and ionic strength using an extended version of the Debye-H€ uckel equation (Helgeson, 1969) . The activities of pure minerals and H 2 O were taken to be one. The properties of aqueous glucose, acetic acid and carbon dioxide were used and Fe 2 O 3 and Fe 3 O 4 refer to maghematite and magnetite respectively. The following concentrations based on media composition were used for calculating the reactions listed in Table 2 when relevant: Glucose 1.1 mM, CO 2 2 mM, and soluble Fe 21 3.6 mM.
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Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's website: Table S1 . Raw data for the 16S rRNA sequences generated from the Campsite spring samples and electrode enrichment samples. The phylogenetic break down and number of sequences listed for each OUT identified (tabulated as described in Methods) are listed along with a summary pivot table organizing the information based on taxonomy. Fig. S1 . Current (normalized to minimum current) generated in situ during three-month incubation in 2012 and measured with two-electrode system (illustrated in Fig. 1 ).
Replicate two-electrode incubations illustrated for the various resistors tested (100 kX and 1,000 X). Fig. S2 . Total daily current generated plotted with observed regional climactic variables collected by the NOAA national weather service forecast office for the Santa Rosa airport. The total coulombs measured per day were plotted for replicate enrichments (A & B) relative to minimum, maximum and average daily temperature. Relative average sky coverage (1 being clear sky and 10 being completely cloudy) from sunrise to sunset was also compared with total daily current for each reactor (C). Linear regressions to test variable correlations are shown with calculated R 2 values for each data set. Fig. S3 . Example of current generated by The Cedars incubated electrodes in a laboratory electrochemical cell compared to un-incubated control electrode. Figure demonstrates increase in current production over approximately 30 hours post addition of glucose (1 mM) at time 65 hours in Cedars enrichment relative to control. Electrodes were poise at 1397 mV vs. SHE. Fig. S4 . Phylogenetic tree based on 400bp of the small subunit rRNA constructed from representative OTU sequences from amplicon sequencing of electrode enrichment as wells as the previously published microbial community characterization for The Cedars . Sequences aligned via the SINA aligner, and the tree was constructed using RaxML. All images captured at 1000X magnification. Fig. S6 . Scanning Electron micrographs taken from chronoamerometry experiments on Paenibacillus isolate. Cells were anaerobically incubated on the ITO electrode at 10.4 V vs SHE for more than 20 hours in the presence of 1 mM glucose. Fig. S7 . Example plots of mineral reduciton in Paenibacillus strain at various media pH. Mn 41 disapperance in cultures fed 10 mM glucose (A). Solubalized Fe 21 observed in magnatite reducing cultures fed 1mM glucose (B) . No abiotic reduciton of minerals observed with glucose as illustrated by cell free blanks. Fig. S8 . Gibbs energies (calculated as described in materials and methods) of hematite reduction coupled to glucose fermentation to acetate as a function of pH at 258C and 1 bar for the following reactions:
